
---

ARR No. L4111b

1 a Iwlrfj$~

NATIONAL ADVISORY COMMITTEE FOR AH?ONAUTICS ‘

ORIGINALLYISSUED

September 1944 as
Advance Restricted Report L4111b

HIGH -ALTITUDE COOLING

III - RADIATORS

By Jack N. Nielsen

Langley Memorial Aeronautical
Langley Field, Va.

NACA
WASHINGTON

Laborato~

N A C A LH3PARY
LANGLEY MEMONAL AERONAUTJCA

LABORATORY

J-=uzieyField, Va.

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

L-773

..— .



. ——.—.. .-

.—.. . . . . .. . . . ..; :
1.

IcmE-ALm!cumOoQmu..!,.

m JhokIi.Hlelsen

. .., ,,
.,

A detailedamlyeie ham been-e to takeamount.of the
M@ ooollng-airvelocityooourrlngin hlgh+ltitudemdiators.
Mthods are developedfor determiningthe heat.-tmnsferrate,
the presmre drop,and the drag power. Saw effeoteof Maoh
nwiberare shown. Radiatorperformnoa &arts based on the anal-
ysis em presentedfor a wide rangeof the des~ variables. TkJ
applloationof the oharlm1s shownby an example.

The perfommme &arts showthat the heat -tmnafer ratefor
a giventotal-pressure10IW is not greatlyaffeotedby the high
airplane velocitiesbut thatthe neommury total-pressure10SS
and the resultingdragare both greatlyInoreasedat high altl-
tudes. .. . .,

mmoImTIoN ‘

~nslve literatureis availablerelativeto the perform-
ance of ethylene-glyml radiators;in the n-l nmge of oper-
ating oondltions.At high altltudea,hovever, oertalneffeota
thatnormallymoeive but littleooneiderationaoqulreInoreased
importanceat3a result of the M@ velooltiesof the ooolingalr
throughthe tubes. The purpose of this paperis to demribe and
evaluatetheseeffeota.

The thqoriesare outlinedon whiohare based.the oaloula-
tlons-d heat Wam&3r,. of friotionpressuredrop, WMIof a~l-
emtion premm’s dropat M@ Maoh numbers. A generaldlfferent$al
equationfor tha. peeesure drop and acmeqppmxW3te wlutions
for the equationewe given. Radiatordesign OIUUXXIbas6d on the
siqplestof these.ap~te solntionsare inoluded. -ss Oharts

llMIIMll—— ■ --l- Ilmm , .- ——.- . —
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chow,for a mr)geof altitudeup to 50,0m feet,the variation
of heat dissipationper unit f’hntal area with wemu’e drop 8s
veil m the 06rzki0poidi*dragpwer. An examp-ieahwing &
use of the obarte is alao inoluded~.
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(Eke referenoe1.]
?iigh-altitudeooo1-

. a-

airspeed,feet per eeoond

mean flw ~elocityin radiatortube,feet per aeoond

mdlator-tubelength,fee~

#atior-tu& dlaitbtir,fee% ““
.,.

oz%os-aemti”onalarea,of-radiat+m tube, square”ktiet

diitame

dietanoe

abeoiute

aiOn&mdlator tube,foe.t “ “ ‘. .

frciaaxis of mktor tube,feot

*.&=*u~, % + 460 ‘

absolutetemperatureof lnn6rourfaoeof radiatortube,
% + 460

absolutestagnationtearperatuY.’OJ

()%+46o, T+: .

P

deinelty & mollng air,”elugO

gaa oonatantfor air [53.,3x..

per cubicfoot

32.2Btu per SIW per %)

abeoluteetatlcp%emre, poundsper eqk foot

z~ ~6ti, poundsper squaref.tit
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=* q3wm?u) yn?l?mpi??WyM!@ %39%

atatio-pramre ohangedue to shearing-foroeat tubewall,
poundsper sq= foot

statio-pmamre ohangedue to mmntum ohangeof oooling
air, pomd13per squarefoot

Isentropio-expansicme~t (1.4)

therml oonduotivit~,.Mu per squarefoot per seoondper
(%/foot)

speolfloheat of air at oonstantpawsure (7.73Btu per slug
per %)

meohanloalequivalentof heat (778foot-poundsper Btu)

heat-t
!?’

sferooeffiolent,Btu per seoondper EWU?a foot

per

heat -transferrate,Btu per eaoond

heat-transfernate,horsepowerper unitfrontalarea of
*later

drag power,horsepowerper unitfrontalarea of radiator

relat Ive

absolute
seoond

Reynolds

speedof

densityof atmosphere (p/O.002378)

visoosityof ooolingair, slugsper foot per

numberof flov in mdlator tube (Vzp2D/P)

soundat tempmhme T, feet per seoond

Subscripts:

0 in free stream

2 @st insidera41ator-tubeentmnoe
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3 just

4 JUat

insidemiator-tu8e .eXit

oubeidefiudtatqr~tubeexit

. ...”

egte~ qumn fMmn8kA

5 In ooollng .alr af~ alw .reiiq * fxwyl-@wam atatlo. .
pressure

. . .
. . . .. . .

.,. .

8 Otagnathn”. . . “.: ””:,,
. ..

ANAmsx6 “a .= ~ &Rmfw., “ ..

“s The path of the .noolingair t4wog@J * alqJaq3 16 oop-
venientu oonalderedIn four ~e. Eelwecq.,@d.,gme t3treEKiliand
the wet to the radiatortubesthe air undergoesa~ohange,usu-

. . ‘allyti ln&ea8e,-InFatatls-pres~. ad .- 1000.%..tota~pree-
sure. In flowlngthroughthe hot tube the ai~:uqdergoeaa tem-

, -~mture rise ad a total-pressuredrop. b pasei~ out of the
X’adlatdr:tubes “thd air!mfhm,a fwmel!.1068.OftQ&l m8BUIW .

FlxM311y,as the air
the’Stitio~sure
StantlallyOonstant
proomwes Ocmrring

“J. ”...: ,,

passesout of the duo% l&o we fi’e;@&sun,
mtm @: free+st~ @8t@ ~8SLU’W at sub-
totalpreomre ● A detallkdanalysisof the
In thesesteps follcnm.
;’.,,.-,. ,,... . . ..... . .. . .1:

,.,,~h~tio Ocmpm#kl.. . ....-

The temperatureat the radiator-tubeeritmnde“’kgivenby
a stat6men*of the“lawaf the oonaervation@. ener8yfor the
adiabatic flow of a petieotas ~

. . . ...’ ..::,.“ ..

. .

.“. ,. .,”.!..

(1)

1“ ‘“ ‘“”4’’”
where — = 0.832x 10 slug per:% pir” foot-pimii “

2JcP . ,. .. .. . ,.
. .

The pressure@t Insidethe mdlator-tum entmnoe, unlike
the temperature,is not uniquelydetemlned by the airplanespeed
and the tube+mtranoe velocity. If the flow fmw the.free stream.,

.“ . .

.. .J. .
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up to this polrrtWer’pl@entr@o, the mt3Mm’e ‘p2 wouldbe givem. .
by .. . ... ..-

W’Y%+[’.-(iiyl$(2)

..

The full Isentroplopnmsure rise Is genenlly not developed
beoause~ Gkinfrlotia and flcntseparation..
the pressurelossmust be tie for purpcws d’

Ee8tTzurisfer.

~ u9ud equationfor the
tube Ie dm~ wadhwVeqmting the
length& %:;8‘fi.lito the heat
throughthe eiement. The heat lost Is

heat trunsferfmn a radiator
heat.lQSt from 8n elemnlary
gainedby the fluid in flmlng

1. . .

dQ = h(~; - T?fiDdx ‘.“ (3)

where T Is the temperature at any.distanoex alongthe
radIatortube. TW expresei-onfor the heat-transferooeffl-
oientfrom rofetinoe2, with the valueof the oondant from
refereaoe3, 1s

h = 0.02470
~)PD 0“2(@)o”8

,“ .

The heat gainedla given by

(4)
. ..

..

(5)

the elemnt la xmg-
. . .,:

If any ohftngeIn the klnstloenezgywlthln
looted,.~. qmthn relating T. and z my be .obta@edby
eliniifit:ngh and dQ among:p@zations[3),(4),and..(5). .
If We. variationIn thb:.flfl#* of the vlsoosityis negle@ed,



&e equationUUY be Integnwtedfor the Initialoondltlona‘T = T2

when x = O; thUS
..

4{ O;0247)R-0:2~
Tw - T“= (I& - T2)e” (6)

The quanttty of heat transfemwd pe’r““unit”tk up to point x la

(7)

Conblfix ewatione (6). @ (7) reau14xzI.in the umal equation
for the heat tmnsfer of radiators

.

2
G(”

L

-4(0.0247)R-0-2&
Q“97K$P% -.T2) l-e

1
(8)

The ekplrioalfoxmila for the heat-trantie-rooeffiahntgiven
by equation(4) 1s based on testsat low airspeedsfor whioh
the heat developedIn the lamlnaraub~r by viscousshearingf oroes
is mall when ocmpared with the totalheat transfer. Beoausethe
heat genem?,tedby VIEIOOUSshearing foroesIs quadratloallydepeti-
ent on *&-Zcooling-airvelocity,thisheat beocmm appreciableat
high &il’SLWHdS● For such oasesCrocoogiventhe fcllm j~g rule
in refe=~cje4: “Thetraneff.renceof he~tbetveenw cbdeotad
a fluid11CW2ngby zt,wh3n it Is no LMger possibleto disre-
gard the heat developedby i’rlotion,is ~overnedty the seinelaw
thatapplle?.whm it IQ negligible,provl~ed@e temperate to ,
whiohthe fluid is broughtby adiabaticarrestis oomldered as
its temperature.‘t In eq’uation(3),that is, the aotualteapezu- 1

ture shouldbe repd.aodby the stagnationtenqmrature

dQ = h[~ - TS)fiDax (9)

The plausibilit~of equation(9),at leastfor the limlting
easeof zeroheat transfer,may be ehownaa follows: Consider
the“flowIn the bou~ laywrto be essentiallytww-dlmmaioml,
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i&unu&“as “the*IUEI of ourvatum of the‘tube is largeoau-

pared. with $he t@io-lmeso of tha b.- ~er. Velooityand
_katti: gmdients In :thefti d~re.ot@ -~ be -negleoted.“
The alumgeIn ths totalene~ CW the” fluid flowidgtbrou$han” “ “
elemmtary voluuw.1sthe qet @et oondu@ed .Intothe VQIW
by t@ -rat- ~ient ~~lldhUM to the fhyu direoti&
plus tpework @me on * VOlme by the visoous ahearlng foroes
resultlnq‘fl?cau“thetilooitygmadientperpendicularto the fIQw
dlreotlon.’~ the“foim of an equation;the ezwrgybalanoe . .
beoamet . .,,,

. .
.,. “:

“ ax“J$+’%)”-““.(lQ“ “a(OpT~)= &
.. ... . !.J,. pv

%. .

Ifo ~, k, and M are aemzmU to be Independentof the -“i’i- ‘.
tuz%,equation(10)may be reuritten8s

I

pvop

For the caee Pcp k E 1,
/

tion (11)Is

. .

i32()m+?? (11)
$ J2

a particularaolutlonof equa-

.,

T!+ &- = TB = Constant
~ ..

(12)

The net heat conduotedIntothe elemntary volmm 1s,for this
solution,equalto the.work”doneby the’.VOIW againstVIOOOUO
&arlng foroea,eo that the total-energydiatributloriis
unlfom throughoutthe bom ~er.

P

is apparentthat
atthewa~l, whq’e V= Oand T=T~, =:O;*t i~ the wall

Y“
1s at temperatureT~ “and the heat -tier is zero. ““

.:,.,
.

The valldity:of the”as=ion “v% = 1 ~depe&lsuponwh&her

the houndE@”lr@r ’18laminarm tuX%ul*. !Eleretill u6u-
ally”be an outertudbulentbouda@ layerad~olnl~ a ~
sublayer,part of the tempemiture rice oomrrlng withixaeaoh.

rorthelmllnar mblayer ‘!5 .0.75. For the tur%ulentpart of
k



MO
the bouddary”layer, huwevcw, # d 1 I)eoauw the effeutive Valueo

of k and. M am greaterf%, @rbulent fl~ than for lminar
f luw (referemx 4). The over-all effeotaof the variationof ~

With the nature of the fl~.md of the Variationqf p, Op, * “

k wi~ tempemlmre on the equlllbrim temperatureof the pipe wall
as givenby equation(11)are not verygreat. Frdmel in refer-
enoe 5 observedthat air aooelemtingfrom reet at atmoerphrio
tempe~tureto aupersoniovelocitiesdid not appreciablyohange
the tube-walltempemture fmm atmoepheriotemperatui’e,even
thoughthe temperatureof the air droppedmore than 1000F.

.
In the developmmt of the heat-tmnsfer eiuationfor high air-

speeds,the kinetio-ene~ oorreotionmust be addedto equa-
tion (5)beforethis equationmy be used in the high-velooi~
range;thus -.

or

~ th hat-tmtier ooeffioientIs asaumd to be the SUM at
“ high speeds as at low apmda, the solutionof equationa(1.3)
and (9) IS analogous to equation(8):

( )[Q.pr%$op~-Ta21-0
1

-o●2X
-4(0,0247)R ~

. .

(1$)

(14)

Equatim (14)is reocmmmded as a firkrtapproximationto the
heat-tmnafer mte at high airapeedsfor whiab experimentaldata
are lacking. The aammption in the derivationthat the heat-
tmnafer coefficient.reminathe uamaat high epeedsas at 10V
apeedala impliedin the rulegivenby Crooooin referenoe4. It
la an experimentalfaot (referenoe5) that the ekin-friotion
meffioientis independentd? the Maoh number;@, beoauaethe

. .

.:
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nwmhanismoaualnghsat transfer.Is essentiallythe W aO the.. WOhaniem oauslngskinfriotton;:it seams~ustlfiableto assm
in the abeenoeof dire@ q~tiuwhtal d&ta thatthe heat- “
transferooeffioient”is h!Cho.hd.ep6ndentof the Mmh nuuiber.

.“
... ,.

Btatlc#-#reimmreZ&et?I “Snthe Tubes

Linearaxial-veloolty”dfwtributlbxie..-!@ ~lmuq oause
of statlo-pr986UZ’9 drop in W.flow thJ!’45ugha tit radiatortube
ia the mearing foroeat the tubewall due to the skinfrlo-
tion. Aooordingto mferenoe 5, the statio-presmmedrop due
toeklnfrlotitils . :.. ._. ... .:, .

Apr .

.

or, In the differentiall’onu

o.098pV%”o”2;

.
,.. .

for bign,

)3-0:2d= # .
“.~-dpF= O.098p@ —
... 1... ... DI

.. .

Beoausethe produot p~ must be a constantwithinthe
tube,the densityreductionwlthiuthe tuberesultein an
aooelerationthat oausesthe furt+erprehum drop

..t .s
/ -.

When the variable y Is ohangedto- & ‘the expression

rewrittenIn the dl.fferentlalforesis

(15)

(16)
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For the Blaslus~-power-lawvelooltydistributionthe valw

IAIllb

of

the Inte&f is &J/49. A value‘~ 1 will be assumed;that is,
the averagevelooltyIs aupp6eedequalto the root-mean-square
velooity.“Inthe rest of the paperthe bar hae been anitted
frcm V and no distlnotlcmis indioatedbetween velooity,
ave~ velooity,@ mot -man -aquereveloolty. .

The equationfor the tot@ 1008 of mtatiopre06ureie given
by the mm of equatione(15)and (16)as follows:“ . - .

.dp = o.09apv2RK!E
()

dX + d pV2
D

As pV 1s oonstant, ..

(17)

(18)

The etatlo-preeeuredrop In & tub6 w be approximatedif the
axial-velooltydistribution16 amwmd to be linear,an assump-
tion thatwill be ~ustifiedin the followingsection. By this
assumption .. ..

p2-m=oo9@2v@-2(+)i+2v2(v3-v2)’19)
#

~ use of

P,v, = P3V3 .-

. . .

and

.
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. .

Vhere

and

. . . . . . .. .

The valueof T3 is obtainedfrom equation.(6).
,,. :.

‘,.

Nonlinearaxial-~elocitytilstrlbtitions.[- Wh6iI&atio-
0 percentof,the ute pressureat

the tube entrance,an error of mom than 10 peroentwill be
made In determiningthe pressuredropfrom equation(20). In
this easethe simplifiedsolutionof the differentialequation
for the pressure dropbased.on”thelinearaxial-velocitydis-
tributionIs no longervali~...Amcpm prealeesolutionof equa-
tion (17)w be derivedas”follovs:.Flrdt,the axialvelooity
is expandedas a power seriesof the x/D zatiovlth ooeffioiente
to be determined.This expresshn Is substitutedIn equation(17)
and the equation1s inte~ted for the pressureas a funotion
of the x~ ratio. By the use of the seriesdevelopmentfor the
-tire tSIUpSmtm, the coeffi@3ntaof the power series
are finally determined.

-ing the axialvelocityin tome of the x~, rattogives

(21)
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whiah is substitutedIn equation.(17) rewrittenas “

wh~ m = 0.09m-0~20 Thereis tha obtainedfor the axial-

presmre distribution

If T 16 repl.aoedby T~ “- @ is”definedas. .
is obtainedfrom equation(6).:

-J

***

1
(22)

~ - T~, there

andthe gaslaw

p=,RGT”

8 my be writtenas ,

(24)



.—

EAcA.ABR.l!rli.w411iti~ .
us

.,

. ...:. ,m.

Linear. equhttohs foi @e boe&@ri.13h thb ptwer,‘*rifm’
of” iquatlon (a) alyl obtqQledbj’ S@stltutQ-. the”eiJtre613ims
fom v, p,. and 19 @ven by,equatiam,(211,(22);@l (*), ,
respectively,ih eq~tion ‘.(24)@ settingthe mm @ the Qoef-
fiaieptsof thd varloua:jcnmm ot $ihe.#. ~tio eqql:~ .ge~:-

:.. . ., ,1..’:,“
,. .. ... . ... ..

.[)V22

1

...
M-m

,.. .. .

%_
+eQ . “ “;’” ..1..

.ri~. , ... ..”
-, . . $“, :,. 1.. ,” ,

:..
. . ..- . . . .

‘.
. . . .

. ... . . .
.“: ”.....

.... . .
,

-. ,

“’ “82(7-; ~).
,...; .++$ .+ . *2 - ~ “’ ; “- “‘—-—

2: .. ..,’.,’-.’. .: ...=(J { .,zy~t. ...! ., :.:.... . . .

. . .

where
..

..,. ,,..!...*.
. . . . .. .

T#ei “’*2 ,..
p= “) . . . .. . . .

. .
.7 - %

.-. ...- 1

.,. . . . . . . .
. ,. .. . .. . .

.. . .

The ooefflolentsa, b, o, d, and e are thus detemlned
In terms of !l+ andthe entmnoe oondlthns m, V2, and e2.

The pressuredropfor any value+ .xII Is foundby substituting
thesevaluesin equation(22)dr inWe folldwlngmammgmsnt
of equation(22):

r

P2 “ p=pv
[(

mvz+

+ (26)



me raplfM* of oonmqpnoe of the right-hand aideof eqti:
tion (26)has been lnveatt@ed by a ~phioal Integmtion of “
equation(17) for SpeolfleInitialOonditlonel. mfigurel the
resultsof thla integmtkm are ocmparedwith the resultsobtklmkl
by USS of equation(26)● Huthematioalaoowuoy oompatlblewith
the othersimplifyingaaeannptionaof thlas.wslyslsla obtained
for pressure~tios down to 0.55by usingflve termsof the power
series.

P’lgure1 la also usefulfor checking the 8oou~’oy of equation (20),
whiohwas derivedby assuminga linearaxial-velooltydistribution.
Equation(20)appearsto be reasonablyaoo,mte t4qm@out the Present
designmangeand down to a pw.ssum rat$o ~/~ &” 0,7..

.“.
Anotherapproximatesolutionfor equation(17”),based on t~

use of the stagnationtemperaturein the -S law.,$s

Wherq

The aoauwmy

%C2X$Y,;:;::!;“‘.. :.:...-.., ..:..

of thiB solution,

(27)

..’

as indioatedin figure1 Is be-en
the aoouraoiesof the two solutims already..discussed..“

.- . .
Effeot of Mmh numberon flow In mdlathr tubes. - Impmtant

info-tion concerningthe effeotof Maoh n~er on f!l.owin mdl -
ator tubesoan be obtainedfrcm equation(17). mm eqWt@n (23)

. . . ..
. .. . . . .. . .. ;,:

., ,

. . .

whloh,when differentiated}is

(28)
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substitutingMreotly in eqmtlon (T7) X!eapltmIn
. ..- ..

,. ------ -., , . .
.. ,,1 -,.;. . . . . . . . -..”.”- 7“ . . .

,.

.
-@ = ( -PV)v.d$+pvdv ... ... “8“:. . . . . ,

(29)

!
. .

If dp ii n~ ellmlnatbd% eq&&n (29)by means of * .
two relatlonehiptl:‘ ““.’ “ -“

.. ..... . .. .,. . .x . .,... I“.. :
.. .. . . . “;* *T,-

,-. . .. . . ..

. . . . .
.(

,.. . “,. ” .2.

. .

T+v =~e
..”. 2JoP
. . . .. . .

the reeultlng’equatlo?@ ~ vkrlablesIs . .,
.,. .

# .. 1..:

. . .. ”’:

d~=~ ‘CM&!&l_ ““‘“ “(30)
.. .dY. V .“ ~% + +

Equation(30)“IsImportantbeoauaeit Is independent.of geonwtsy
and Reynoldsnwnbeq. “ ... ..

At presentno closedsolutionof equation(30) is available.
A graphioaleolutlon,determinedby’the iaocllniomethod,is given
.in figure2. The ourvefor ~“ pu’t~cularradiatoris the curve
thatpassesthroughthe pointm

‘L
%2#32 correspond1- to the

givenentranoeoondltlone.Tim stmii t line in the figure6ep-
aratesthe supereoniorangeon the rightfrcm the subsonicmnge
on the @ft. I The equatiohof W stkalghtline is foundby
setting de/dV equalto zero~n equation(30).

i.. ” ..

>

. .

,“ ““v2~.:&)=:(<j) ..:” “ .[31)

... . .“... . ..
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This equationw be easilyreduoed,fr& the deflnltlonof “9,

to : =.1; that la, the line Oorrespondato a Maoh numberof unity.

‘ If the entranoevelocity V2 la subsonic, V will Mmease

along~ $ube and ~ reaohsonioveloolty,where .$$= O.
. . .

For the air to aooelezateIntothe azperaonloreg@nJ e .would
have to Inoreaee;that isa the totalenerffwould have to deorease,
whioh Is oontmry to equatton (23),the heat-tranoferequation. A
supersonicvelocitymay thenqeverdevelopwithina radiatortube
with subsonicentranoevelooity, The limitinglkch nnber of unity
will be foundat the tube exit.

If the entranoevelooity1s t3upersonio,V will deorease
alongthe tube,the ohange.belng-nowfrom rightto leftalongthe
ourvesof figure2. The flow~ ndt: however,pass oontinuoud.y
intothe subsonloregionwithoutviolatingequation(23). A
dismntinuoustmnsition~ oocurfrom the supersonicto the sub-
soniczwgionby means of.a stationary..oompressionshookif the
upstreamflow is supersonic,dependingon the tube lengthand the
exit pressure. Suoh phenomna, however,are of no importanosin
ourrentmdlator technologyaad a.discussionof them is beyondthe
soopeof tilepaper. .. .

Pressureloss“atthe-exit ofthe”mdiator tubes.- For radi-
ators in currentuse the disohargeof the air from the msdiatortubes
is.aocompanledby a 10S8 of totalpressureof

emmme 2, p, 10). This 10EM somwhat exoeeds
well-knownRorda-Oarnotformulafor expansion

,.

about 0.2~ (nf-

that givenby the
10s8

(32)

-b ti surface irregularitiesat the exitand partlyto
dlfferenoein kineticenergiesassociatedwith the upstream
the downstreamvelocitydistributions.

outletfluu. - For o&v&ie~oe in muputation,the air behind
radiatorIs assumedto be brodghtto stagnation oonditione.
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The L!hagnatkm pressure
-., . . .

. ~ . . .
,; PE14=G

and, f’rcxuequatlog(6),

10- .,.. .
..:. .

(%$;:’0”2“--
the ataguationtemperatureis

(=)

.,” .J” s””””
.

( )[ 1

. .

~ e34(QcOi47)R-00~
Ta; = TS2,+~-”T~2 1 . . , (34)

.. . ,

expand i6ent”&p10811yto the free-
of the air at th~s pressure1s

The alr IEInow ammmmd to
Eltrea?npremmlre, .The velocity
givenby

b

..-

Introduol& W rdationehip ‘ .,

.“
7-1

%4

(,). .

P84 T

“~-~””.

. .

alluwsequatl& (35)to be rewrittenas ,.

‘lhedragpouer
of the Oooling

per

alr
unit-Opelik due t? thq ?iO+tum ohEm&3
h“.’””

.,
●

. . . . ...

. . . ..-.

(35)

(36)

.

(37)

. . — -— ..—. —.
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%=

.ItiB to be notedthat tliia
tioalmlnlmm as” this value

p2v~(v~ - v@.
550

(38)

power repreemts, in gene=l, a pract-
nealeottanY furthereffeotmof the

low-energyoooliagair on the &ternal drag.

Pm?FO&ha CEARTS
. “.

For ~ radiptorpe@omanoe &arts the pressuredropswithin
:@ radiator tubes’were,for oonvenlenoe,oaloulatedby the simplest
of the methodsdleoumed, neme4, the”methodthat assumesa linear
velooitydistributionalomgthe tube. As ks alreadybeen indi-
oate@+JM PZWMJUZW10mSSeEI~ therebyslightlyoverestimatedfor
tho~ *epa in whl’a tbk”pretitrrb”drop1s a.largemotion of the
absolu”tePresmu’e. The &lM.ation of the flowpath of the ooo1-
ing air to obtainthe perfoznume ohartsis outlinedae follows:

Values,of-airplanespeed,altitude,and tube-entrancevelo-
oi,~are aaauwd. w temperz@umw“T2 at “the“tubeentranoe

followsf ~ eq~-tlon(1),“but.thd jreesure’p2 givenby equa-

tion (2) IS arbitrarilyreihmed by 10 peroentof the free-stmmm
Wnamlo prmsum to acoountfor flw reparationand skinfriotion.
The heat-traneferrato followsfrom equation(14)by.evaluating
thq viaoosity in the Reynoldsnumberat the mean air temperature
approximatedby uee of equation(6). The premzre at * radiator
exitfollowsfrom equation (20),where T3 i6 appmx~ted by

“ equation(6]. The etagnatlonpresmureand the t
T

ratureIn the
dwt behindthe mdiator followfromequatione(33 and (34)1
reBpeotively.Finally,the dmg poweris obtainedfrom equa-
tion (38)with the exit velooityof equation(37). lb atme -
pherlooonditlonawere assumedto be thoseof Amy air and the
radiator-tube-walltemperaturewaa aoa-d to be 24W F. A
ratioof free-flowarea to frontilama of 2/3 wae aemnwd;
for any otherratio,the ~ault$ nmrely.ghangeIn proportion.

. ~:
The oaloulations!oove~d & follming .~a of veriables:

Altitude,ft..”..,.,., , . . . . . . . . . .. Oto 50.000
Air~ed, mph..””.,., . . . . . .. . . . . . . . ..,0t0500
Radiator-tubelength,in. . . . , . . . . . . . . “.9, 12~ hnd 15
Radiator-tubediameter,in. . t . . . . . . . . . . . 1/4 and 1/5
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The nix perfcnnmnoeoharthof figure3 are for the slx “
i~ffemnt radiattiti.“~ W-Be &arto the totkl-presaum-leas, -
definedam the diffe~oe betweenthe stagnationpreseuzwm
aheadof aa@ Mind the zad”lator,has been plottedagainst
the heat-transfer~te per unitfrontalarea,.The M1.etpn9s-
eure10EI8is not inoluded. The ordinatesh&vb been dtvidedby
U“ for NACA a~ alr (seetableI) nmely for oonvenlenoe
in aepcratlngthe ourvm, Linesof oonstanttube-entmnoe
velooltyhave alsobeen plottedin figure.3.to aid in the Quiok
debrminationof & eool%~-air quantityat the radiator
faoe.

Although“theoaloulatlomwere oarriedout~for airplane
speedsof 100 milesper hbur to S00miles“per hour, the results

plottedin figure3 are cdy for an airplanespeedof 300 miles
per hour. The ratioof the heat-tmsfer rateat severalair-
planespeedsto the heat-tmmaferrata at an airplanespeedof
300 miles per hour for the same.total-pressurelosshas been
tabulatedfor dlfferentaltitudesin table11. Theseoor- “
reatlons,althoughappreciableIn,ti oases,especiallyat the
loweraltitud?a,are for themost part negligible.A slm$lar
oorreotlonfor the oooling-airquantityis givenin tableIII,
where the ratiosof the tube-entranoeairspeedsat seve=l
airplanespeedsto the tube-entranoeaixwpeedat an airplane
speedof 300 tilesper hourfor the eauw lossIn totalpres-
sureare tabulatedfor differentaltitudes.

It may be rem?u?kedthatthe oorreotlom In tableII involve
two opposingeffectsof airplaneepeed: muwly, inoreasedtube-
entranoestagnatIon tempemture,whioh deoreaeesthe heat-
transfer~te for a giventotalpressureloss,and inoreasedtube-
entranoedensity,vhiohhas the oppositeeffeot..At 10U altltudes,
the tempe~ture effeotpredominates;but at high altitudes,where
the orltloaldetaignconditionuswlly ooours,theseeffects
almst oanpensateeaoh otherand render.f@re. 3 parthuiarly
aooumte. ~ .

A ooqmrimn of figures3(a]@ 3(d) shows thata out 30 ~r-
?oentmore heatw be dissipatedper unitflowarea by &h . .

tubee9 inoheslongthanby l-inohtubes9 Inoheelongfor the
z

- total-preesum10ss.tfIn ~al, fQr *uba lsngthsof this
order,the tubesof smiler dlamter w$ll permitsmallermdi -
atorsand/orsmallertotal-pressurelosses.

\*
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Figure 4 showEItha d- ohmmterlstios ~ the radlatora -
as funotiomsof the fllght~ed, the heat-tmnefer=te, and
the tube-entzanoeveloolty. llmheat-.tzansfer”rateand the tube-
entranoeve.looltyare obtaineafromfigure3. Ro Merferenoe
effeotsor w61ghtd- ~ included. I* my be seen that,at
the high Inletvelo@tieo neoeasaryat highaltitudeswith radi-
atom of reasonablesize,@e coolingdrag-r beccauesvery high.

h the past It was &pad”that the Mredlth phenomenonwould
bringaboutve~ low dragsat high altitudes..Appreciabledeoreases
in dragare due to this EIouroe;but the calculations,whiohauto-
nwtioallytake Intoaocountthe Mredith phencmnon, shcwthat
thesedecreasesare not euffioientto keep the dmg of small-size
high-preseum-dropunitefrcnuappreciablyinoreaeingat high
altitudes●

An example will Illustratethe use of f@res 3 and 4 and of
tAble11. The airplanefor which the radiatorwill be designedis
assuredto have the perfomanoe shownin table1. The densltiea
and I&oh numbersused in oaloulathg q. are for Army air. The

radiatordesign is aesum6dto be for tubesof ~inoh Internal

dimter and 9-inohlen@h*

The usualoonditiondeterminingthe mdiator
will be eithercllmbat sea levelor climbat the
that is, the oondItIon at whloh the heat-transfer

frontal.area
mtuimmnaltItude,
rate per unit

frontal-area Is lowestwhen the entiretotalpressuieavailable
fOr oooling16 utilized. If the availablepresEIurefor coolingis
asaumsdto be O.9qc, the valuesof the heat-transferratemay be

read fromfigure3(8) for both high speedand ollmb. The”results,
correctedacocn’dingto table II, m s-rized in tableIV.

An examinationof tableIV disclosesthatth$ frontalarea of
the zadiatoris determinedby the“value”of the heat-tran~er rate
In ollmbat 40,000feet, if the neoes~ heat-transferrate for
satlsfachoryooollngis ass-d oonstant. If 1000horsepoweris
to be transferredto the ooolingair? the neoss~ radiator .
frontalarea 1s 1000/164or 6 squarefeet. “

Onoe the radiatorfrontalarea Is fixed,t~ operatingllne of
the radiatoris the ordinatein figme 3 thro@h R hbat-tninsfer
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— l’a~ of 16+.hr+r~.~LT ~r sq~ .foo$s ~ iJ?l@.iOof the d=
paier to the hea%-kzunsfer “rate x be detemined from figure4(a)
frcaut@ valuesof @e al~lps speed,the tvbe-entranoe .
veloolty,and @e al%itude..Thq ~a@t@. ~ tabu4ted In tableV.. .

. . .-., . ..)

. Coimsm . .: ::;

R’om the ~aent studyof &at transfer,pressuredrop,
and dragpmmr of radiatorsin flightat high altitudes,it
is oonoludedthat:

1. At hi@ altitudes,the densityreduotlonwithinthe
zmdiatortubesreeultain appzwoiableinoreasesin both
frictionpressuredropand amelerationpresmme drop.

2. The usualheat-transferequations~ be retainedat
highWoh numbers,providedthat stagnationtomperatum is used
in plaoeof aoturaltemperature.

3. Heat-transferrate as a funotionof pressureloss is
pmctioall.yindependentof airplanespeedat high altitudes.

4. Exceeeivedmg ia associatedwith the use of small
radiatorsat high altitudes;slightincreasesin radiatorsize
resultin largedecreasesin drag.

5. The Meredithphenmwnon beooms Insignificantwhen the
radiatorpressuredrop appmaohee the totalavailablepres-
sure.

Langley Mmorial Aeronautical Laboratory
NationalAdvisoryConmltteefor Aeronautlos

LangleyPield,Va.
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TA8LE I. - ASSUMED AIRPLANE PERWXMANCE

[
wing loading, 40 lb/sq ft; heat rejection, 1000 h~

,.
.,”),.. -

Altltxde
(ft)

Relative
den~ity, 0

(a) l-r
JJlgh speed

Air- Fi,ee-streani—
gpeed, \ Impact
(mph) pressure, qc

(lb/sq ft)

333 275
367 247
403 220
450 190
501. 170

“l?hevalues of u are basecl on

TARLJ? II. - RATIO OF

TO llE.iT-TRANSFER

.
Climb

‘bi9qc Air- Free-9”tream

1

0.9qc
+_ speed V impact —

(mph!
a

pressure, q.
(lb/sq ft)

247 192 ‘,;. 87 78.3
“301 218 102.4
-371 246 % 130.2
456 280 70 168.5
625 354 - 79 290.0

,NACA standard air as in fig. ~.
;.,

HEAT-TRA:lSFIIX.%ATl?SAT SKVERAL-AIRPLA1,JESPEEDS

RATE AT AN AIRPLANE SPEED OF 300 MILES PER
Pc

I1OIJRFOR IDEN1’ICl!LT@TAL-PRE2S~TRlZLOSYX,
(PC)300

Pc/(Pc)300 ‘7
Altltude

V. o 10,000 20,000 30,000 40,000 I 50,00C
(mph)

100 1.00 1.05 1.03 loo~ 1.OO
200

1.00
1.05 I 1.03 1.02 1.01 lo~Q

300
1.00

1.00 1.00 1.00 1.00 1.00
400

!
I .__l

1.00
.93 .95 .97 .98 .99 2..00

500 .83 .88 .92 .95 .99 ~ .<>~
—~

TABLE III. - RATIO OF’TUBE-ENTRAHCE AIRSPEEDS AT SEVERAL AIRPLANE

SPEEDS TO TUBE-ENTRANCE AIRSPEED AT AN AIRPLANE SPEED

OF 300 MILES PER HOUR FOR IDENTICAL TOTAL-

V2
PRESSURE LOSSES, ——

(V2)300

v#@.)300

V. 0 10,000 20,000 30,000
(mph)

40,000 50,000

100 1.05 1.05 1.05 1..06 1-.06 1.06
200 1.03 1.03 1.03 1.03 1.04 1.04
300 1.00 1.00 1.00 1.00 1.00 1.00
400 .96 .96
560

.96 .95 ●99 .95
.92 .91 .91 , .90 .99 .82 {

NAilONALADVISORY ‘–’
COMMITFEEFORAERONALUICS



TABLE IV. - VARTATTON WITH ALTITUDE OF MAXIIJU:JPOSSIBLE

COCLING PER SQUARE FOOT

HiF?h S[
Altitutie Airspeed (PC)300

(ft) (fro~ t,ql]le I) (from fig. 3(a))
(mph) (hp/sq ft)

o 333 305
10,000 367 300
2c,wlo 493 282
5C,0CC 450 235
40,000 501 195

eed
Pc

(rc)300
(fran table II)

0.9(9
.97
.97
.97
.Qs

Pc

(hp/sq ftj

299
291
274
228
191

I

Climb
( Pc ) zoo Pc

kirspeed
(mph) (hp/sq ft) ( Pc) 300

(from table II)

192 190 1.05
21s 200 1.03
246 193 1.01
280 175 1.00
354 ~6A 1.00

*

d
(hp/sq ft)

199
206
195
175
164

NATIONALAOVIWIY
COMMITTEEFORAER()~lJTl~

TA5LE V. - FERWRMANCE OP RADIATOR OF 6-SQUARE-FOOTFRONTAL

A~G~ ‘~~~NsFERRING1000 HORSEPOWER

V2
High speed Climb

.Altltude P~Pc
z

(ft) (from fiS. 3(a))
>

(fro~j::le I) (from fig. 4(a)) ($) (::h) P~Pc (2)
n

(mph) *

o l~o 3s? 0.102 $
10,000 135 3C7

102 192 0.124
.072

124

20,000
72 218

~.

145 4:;3 .064
.108 108

30,000 172
246 .102

1:;
102

4EC .104 z
40,000 22(J 5~1

280
.176

.200 200
176 354

0
.360 360 ●

—

P

P
H

P

z
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